local increase in evaporation rates. Velocity profiles are compared at different substrate temperatures.
INTRODUCTION
Liquid-gas interfaces are encountered in many heat transfer applications such as boiling, spray cooling, micro heat pipes, and shear-driven liquid films (Chatterjee et al., 2011; Dhir, 1998; Kabov et al., 2011; Kim, 2007; Stephan and Busse, 1992) . Deformation of the interface in these applications is often coupled to heat transfer and fluid flow in both liquid and gas phases. If a phase change process, such as evaporation or condensation, is taking place, it also affects the dynamics of deformable fluid interfaces. Furthermore, if the fluid interface is in contact with a solid boundary, wetting properties of that boundary have to be taken into account in the description of heat and mass transfer. Both experimental studies and models indicate that local heat transfer rates near contact lines can be significant. This conclusion is valid for the case when the gas phase is pure vapor (Ajaev and Homsy, 2001; Chatterjee et al., 2011; Stephan and Busse, 1992) , or moist air (Cachile et al., 2002; Karchevsky et al., 2016; Popov, 2005) . The main focus of the present study is on the latter case.
A geometric configuration often used for detailed studies of heat transfer near contact lines is that of a sessile evaporating droplet in the moist air environment. In an important theoretical work, Popov (2005) considered an axisymmetric sessile droplet evaporating under ambient conditions and predicted that the evaporative flux J near the contact line should behave as
with λ = 1/2; here R cl is the radius of the circular contact line, equal to the radius of the wetted area under the droplet; r is the radial coordinate, i.e., the distance from the axis of symmetry of the droplet. The above conclusion was reached based on the assumptions that vapor concentration in the gas phase is governed by diffusion only and Hu and Larson (2002) resulted in a generalized version of the result of Popov with λ being a decreasing linear function of the contact angle when the latter is between 0 and π/2. Both studies emphasize that the evaporative flux is singular near the contact line.
The models of evaporation near contact lines based on the solution of the diffusion equation do not account for the effects of gas flow. Such flow can become significant in situations with high evaporation rates and was investigated in several recent studies (Carle et al., 2016 (Carle et al., , 2013 Kelly-Zion et al., 2011) . In particular, results for evaporation rates in microgravity and normal gravity have been compared by Carle et al. (2013) . The microgravity experiment validates the prediction of the diffusion-based models of evaporation. Under normal gravity, both thermal and solutal convection effects become important and influence evaporation. Note that both temperature gradient, due to substrate heating, and vapor concentration gradient are present in the system. The authors described the convective contribution to evaporation as a function of both thermal and solutal Grashof numbers. In addition to convective effects, the socalled Stefan flow originating at the liquid-gas interface becomes important for sufficiently strong evaporation (Sazhin, 2014) . The physical mechanism of this flow can be explained as follows. The vapor concentration in the immediate vicinity of the interface corresponds to saturation conditions and thus is higher than the concentration far away from the interface. This difference results in the concentration gradient being established and vapor molecules diffusing away from the interface. However, there is also a difference in concentration of other components of air, with higher values away from the interface and lower values close to it. The corresponding diffusion flux is in the direction towards the interface. Since the diffusing components of air mostly cannot penetrate into the liquid, there has to be a flow to compensate for the net diffusive transport toward the interface. This flow is the Stefan flow. Its effect on evaporation near contact lines was discussed in the context of sessile droplets by Carle et al. (2016) .
While evaporating sessile droplets have been studied extensively, a closely related configuration of a stationary dry patch formed in the liquid film received much less attention and is considered in the present study. Note that the contact line in this configuration is nearly circular and some of the qualitative features of local heat and mass transfer can be similar to the case of sessile droplets discussed above. In particular, it could be expected that evaporation closer to the contact line is stronger due to reduced thermal resistance there. To test this hypothesis, we developed a novel experimental setup for studies of motion of levitating droplets near the contact line. Let us first discuss the general background on the origin of such levitating droplets. Fedorets (2004) and Fedorets et al. (2011 Fedorets et al. ( , 2013 observed formation of levitating droplets over liquid-gas interfaces under the conditions of sufficiently high evaporation rate. The mechanism of droplet formation has to do with upward motion of a hot vapor-air mixture (Stefan flow) to the region of lower temperature, where droplets of condensate are formed. These droplets continue to grow by condensation and move down under the action of gravity. At some point, the Stefan flow balances gravity and the droplets end up levitating over the surface, often forming large ordered arrays moving over the interface in a random fashion (Kabov et al., 2017) . A top view of such array is shown in Fig. 1 . It is such an array that produces droplets used in our experiment. When the array ends up in a vicinity of the contact line, the individual droplets move down the interface slope under the action of gravity and then encounter strong moist air flow near the contact line. It has been suggested that analysis of motion of such droplets in the vicinity of a contact line can be used for determination of local moist air flow velocity and some preliminary results have been reported (Kabov et al., 2017) , but they were limited to analysis of just one trajectory and moist air velocity only in the narrow region near the contact line. The objective of the present article is to conduct a systematic comprehensive study of flow structure near the contact line by means of trajectory analysis of microscale droplets moving over the contact line region.
EXPERIMENTAL SETUP AND OBSERVATIONS
A sketch and photograph of the experimental setup are shown in Fig. 2 . The test section is a stainless steel plate of 40 × 40 × 5 mm 3 in size with a flush-embedded 10 ×10 mm 2 copper rod, electrically heated by a nichrome wire. A layer of insulation material (mineral wool) is superimposed over the wire. The heater surface temperature is measured at several points by thermocouples with the accuracy of 0.1 K and frequency of 1 Hz. According to the measurements, the condition of constant temperature, denoted by T w , is satisfied along the copper surface. The heat flux is determined by the electric power released at the nichrome wire. The test section is installed horizontally and open to the atmosphere; the temperature of ambient air is 25 ± 2
• C. An optical recording was made with a high-speed camera (FASTCAM SA1.1, 5400 fps, resolution of 1024 ×1024 pixels) coupled with a microscope objective through a set of extension tubes and bellows. The field of view of the camera was 800 × 800 µm 2 (resolution of 0.78 µm per pixel).
The working liquid in the experiments is ultrapure degassed distilled water (Merck Millipore) with the initial temperature of 25
• C. Wetting properties of the surface are important for obtaining the steady configuration needed for our experimental study (a dry patch in a liquid layer, as described in more detail below) so particular attention was paid to control and characterization of surface properties. To obtain the desired wetting characteristics, the working surface of the test section was rough polished prior to the start of the experiment. The morphology of the surface was analyzed using a scanning electron microscope (JEOL JSM6700F) and an atomic force microscope (Solver Pro NT MDT), Fig. 3 . The root mean square (RMS) surface roughness was found to be 0.50 µm. The equilibrium contact angle for water on the copper surface was measured at different points by the method of a sessile liquid drop at the room temperature of 25 ± 2
• C. To obtain the profile of the drop surface, the shadow method was used with a collimated light source and digital camera Nikon D800 having a resolution of 6 microns/pixel. The resulting images were processed using the software by KRUSS. The advancing static contact angle measured at different points over the surface of the copper heater was 74 ± 9
• , whereas the receding contact angle was close to zero (less than 10 • ).
FIG. 1:
Top view of an array of levitating microdroplets, formed over a heated layer of water (heater of size 10 × 10 mm 2 , heat flux of 27 W/cm 2 , water layer thickness of 0.4 mm). Let us now describe the experimental procedure and observations. At the start of the experiment, the substrate is covered by a uniform layer of ultrapure water of thickness of 0.4 mm. A dry patch, shown in the sketch in Fig. 4 , is formed in the liquid layer by a downward pulsed jet of air. Note that the heater surface is sufficiently rough to ensure pinning of the contact line, so the dry patch created by the air jet persists throughout the duration of the experiment. At the liquid-moist air interface, shown by the thick blue line in Fig. 4 , there is continuous evaporation which causes the upward-directed Stefan flow. It is this flow that balances the force of gravity and thus allows the droplets of condensate over the liquid-gas interface to levitate. Such levitating droplets are shown near the right boundary of the sketch. These droplets are part of a larger ordered array similar to the one shown in Fig. 1 . As they approach the contact line, the local gas flow velocity increases due to stronger evaporation and the resulting force on the droplet becomes higher than its weight, resulting in an upward deflection of the droplet trajectory. However, as the droplet finds itself over the dry patch, it starts moving downward until it reaches a location very close to the solid surface. At that location, the droplets are seen levitating while they gradually lose their mass via evaporation. All these observations were made with the high-speed camera: a typical frame from the video recording (side view) is shown in Fig. 5 (left) . Droplets flying over the contact line region and several droplets levitating over the solid substrate are clearly seen. With images such as the one in Fig. 5 (left), we followed individual droplets (choosing the ones in focus) and obtained locations of the droplet position at equal time intervals. One such trajectory is illustrated in Fig. 5 (right) , where the snapshots of the location of the same droplet are shown, separated by equal time intervals equal to 8 ms. The different stages of droplet motion described above are clearly seen. When the recording starts, the droplet is sliding down along the direction of the liquid-gas interface, slowing down slightly as it approaches the contact line region. The subsequent motion over the contact line is along a nearly circular trajectory, and the droplet at first speeds up as it flies over the contact line: the distances between the droplet positions measured along its trajectory are increasing. However, the droplet then slows down dramatically as it approaches the dry solid substrate. We believe that the slowdown and subsequent levitation of the droplet over the solid surface are due to its hydrodynamic repulsion from the substrate, but detailed modeling of the phenomenon is beyond the scope of the present article. It is also important to note that some droplets do not fly over the contact line but instead move away from the contact-line region after the initial approach. We do not analyze their trajectories in the present study.
DROPLET TRAJECTORIES
Since the droplets observed in our experiments have typical sizes of 20 µm or below, their shapes are dominated by capillary forces and thus can be considered approximately spherical. This implies that motion of individual droplets can be described by a single vector function r(t), which is the position-vector of the center of mass of the droplet. Our method for determination of the moist air velocity, described in detail in the next section, relies on accurate determination of the velocity, r ′ (t), and acceleration, r ′′ (t), of the droplet. Finding these quantities is not straightforward since it requires numerical differentiation of the function r(t) which is a data set obtained experimentally and thus is subject to random experimental errors and accuracy limitations due to finite resolution of the optical image. These issues result in the lack of smoothness in the derivatives based on finite-difference formulas, such as the first derivative computed by the standard forward differencing method and shown by solid squares in Fig. 6 . A better approach involves using Fourier transform on the even extension of the function and then removing contributions from higher frequencies by setting the corresponding Fourier coefficients to zero. The inverse Fourier transform produces a smoother version of the original function so that the finite differencing procedure can be applied. The result of such spectral-type filtering, implemented using fft and ifft routines in Matlab, is shown by the dot-dashed line in Fig. 6 . Clearly the function is smoother, but noise-induced oscillations are seen. Such behavior is even more obvious for the second derivative. One might expect that oscillations will be reduced for a higher cut-off threshold, but the issue with such higher threshold is that the region of rapid variation of the function is not resolved with sufficient accuracy. Thus, in the present work we opted for another commonly used approach, the so-called Savitzky-Golay method (Savitzky and Golay, 1964) . In this approach, derivatives at a specific point are evaluated using a total of N points. The number N is odd and we use (N − 1)/2 neighboring points from each side and the point itself in the calculation. For the purpose of derivative estimation, the curve is approximated in the least squares sense by a polynomial of degree M . Thus, the two key parameters of the method are the integers N and M . Practical implementation is based on the sgolay subroutine in Matlab signal processing toolbox. Values of M are not higher than 4 to reduce the effects of random noise.
The result of the application of the Savitzky-Golay method with M = 3, N = 11 for finding the first derivative of the function y(t) is shown by the solid line in Fig. 6 . It is clear that the function is rather smooth, indicating that the
FIG. 6: Determination of the vertical droplet velocity at T w = 75
• C using different methods: forward differencing formulas (filled squares), spectral denoising method (dot-dashed blue line), and Savitzky-Golay method with M = 3, N = 11 (black solid line).
contribution from the high-frequency noise due to experimental errors is removed. We also note that all three methods illustrated in Fig. 6 give results which, while having different smoothness properties, are generally consistent.
MOIST AIR VELOCITY
Let us now discuss the theoretical background for the experimental method of calculating moist air velocity from droplet trajectories. If the position of the droplet of radius R is characterized by the vector function r(t), the acceleration can be expressed as
where v is the moist air velocity at the droplet location. Note that the effect of buoyancy is accounted for in this equation, but it is usually small, so that the main balance is between gravity and the Stokes drag force, represented by the last term on the right-hand side of Eq. (2). Expressing the volume of the spherical droplet in terms of its radius and rearranging terms in the above equation leads to the formula for the moist air velocity in the form
We used this formula to obtain information about gas flow velocity; here and below the values of r ′ (t) and r ′′ (t) are found using the Savitzky-Golay method discussed in detail in the previous section.
The analysis shows that for the flow near the contact line the vertical component of velocity, v y , is typically significantly higher than the horizontal one. Figure 7 (right) shows the plot of that component as a function of the horizontal coordinate (with the contact line position at x = 0). The corresponding trajectory is also shown in the left part of the same figure. It is important to emphasize that the plots of moist air velocity components are only meaningful when analyzed together with the droplet trajectories since the velocity field is only probed at the locations of the droplet. In particular, when the droplet moves upward, it finds itself in a region of lower air velocity, so the value of v y is lower compared to what could be expected if the droplet were moving in a horizontal direction. This explains the fact that the location of the maximum Fig. 7 (right) is slightly shifted with respect to the contact line position. We also note that the sharp increase in the velocity in the leftmost part of the trajectory has to do with the effects of reflection of the flow created by the droplet itself off the substrate and thus should not be interpreted as the true gas velocity, i.e., the velocity in the absence of a droplet. Since this effect becomes significant only very close to the substrate (at a distance of the order of 10 microns), it does not affect the accuracy of the velocity profile outside of this region. To verify that our choice of M and N in the numerical computation of r ′ and r ′′ is adequate, we varied these parameters: the comparison between the results is shown in Fig. 8 and justifies the choice of M , N above.
Visual observations of trajectories suggest that they are close to arcs of circles centered at the contact line. This makes it natural to represent the results in polar coordinate r and θ with r = 0 corresponding to the contact line position. For example, when the trajectory seen in Fig. 5 (right) is represented in polar coordinates, we observe that the change in the radial coordinate for the range of θ above ∼1 rad is less than 10%. This suggests plotting the velocity components as function of the polar angle θ. The radial component of velocity is shown in Fig. 9 . It clearly has a maximum near θ = π/2, which is directly above the contact line, consistent with the expectation that evaporation should be strongest at the contact line. The drop of the radial velocity above this value of θ indicates that the value will be close to zero at θ = π, although zero is never reached since the droplet ends up levitating at a finite height, resulting in abrupt termination of the curve. Plots such as the one in Fig. 7 (right) provide velocity information along the droplet trajectory, but not how it changes in the direction normal to that trajectory. However, a more comprehensive picture of the flow structure emerges when several trajectories are used, with different droplet sizes. To illustrate this idea, we plot the velocity measured along two different trajectories in Fig. 10 . Clearly, at the lower values of the vertical coordinate the velocity is higher as these locations are closer to the source of the flow. Comparison of these curves allows us to estimate the gradient of the velocity field. For example, near the point of maximum the change in velocity is near 0.5 mm/s, while the difference in the droplet positions is about 12 microns, leading to a rough estimate of the gradient near 42 1/s. Note that this gradient is nearly spatially uniform around the point of maximum. To illustrate the applicability of the method at different conditions, we recorded droplet trajectories at different substrate temperatures and used them to obtain moist air velocity profiles. A result for T w = 89
• C is shown in Fig. 11 . Clearly, the velocity values are significantly higher than in the previous plots despite the fact that the trajectory is further away from the contact line. This supports the suggestion that the flow is mostly due to evaporation at the contact line and thus is sensitive to the substrate temperature, which is a key parameter in controlling the intensity of evaporation.
CONCLUSIONS
We study trajectories of microdrops of condensate in the vicinity of a contact line formed on a heated substrate. The contact line is the boundary of a stationary dry patch in a liquid layer on a rough copper substrate. We carefully characterize the roughness and wetting properties of the dry surface and then conduct optical observations of the motion of the droplets with a high-speed camera. Accurate methods for computation of both velocity and acceleration of droplets from the experimental data on their positions are discussed. By comparing straightforward finite differencing, spectral denoising and the Savitzky-Golay method, we find the third one to be the preferred approach for accurate estimation of the droplet velocities and accelerations.
We carried out the investigation of local flow of moist air near the contact line based on the data for droplet trajectories. Increase in the flow velocity is observed near the contact line. The velocity gradient in the vertical direction is found to be nearly constant around the region of high evaporation. Higher substrate temperature leads to increase in the flow velocity as the evaporation becomes more intense.
